Abstract. Wetland Treatment Systems (WTS) have been constructed over the past decade for the treatment of Acidic Mine Drainage (AMD). Potential benefits of anaerobic sub-surface flow treatment were initially identified from attempts to improve effectiveness of a surface flow wetland at the Jennings Environmental Education Center in western Pennsylvania (Dietz and Stidinger 1993) which, although not completely successful, resulted in acidity removal rates two to four times greater than pre-modification rates. This study was conducted to investigate the potential benefits of sub-surface flow design, which utilizes a sub-surface collection system, in comparison to conventional surface flow design. Two field-scale WTS, each containing anaerobic surface flow and sub-surface flow treatment cells (approximately 100 m 2 each), were constructed along an existing AMD discharge, near Corsica, Pennsylvania, with a 3-4 pH, 250-400 mg/L {as CaC0 3 ) acidity, 20-40 mg/L iron, 15-40 mg/L manganese and 10-30 mg/L aluminum. sampling of the WTS included two elements: a weekly monitoring program from March 1992 through November 1992 to collect discharge water quality data; and a postmonitoring pore water sampling program conducted on December 8, 1992. Sub-surface flow design was found to provide statistically greater acidity removal with an average rate of 61.8 grams per day per square meter (GDM), in comparison to surface flow which had an average rate of 4. 78 GDM, and provided effluent alkalinities greater than 100 mg/L (as Caco,) and pH greater than 6.5 at the flows and loadings evaluated. Removal rates for iron and aluminum removal of 3.02 and 2.48 GDM in the sub-surface flow design were also significantly greater than surface flow design which had removal rates of 1.89 and 0.20 GDM, respectively. Manganese removal was ineffective in both surface and sub-surface flow designs. Based on pore water results of two sub-surface flow units receiving different AMD flow and loading, an acidity removal rate of 25 GDM is recommended for future wetland treatment systems constructed with the sub-surface flow design evaluated in this study.
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Introduction
Wetland Treatment Systems (WTS) have been constructed over the past decade for the treatment of Acidic Mine Drainage {AMD). These WTS have achieved variable and at times inconsistent success at improving and meeting established effluent limits. The variable success of WTS is attributable to differences in design, size and treatment material. Although treatment success is variable, all constructed WTS have, at a minimum, been successful in reducing chemical costs associated with AMD treatment and pollutant loading to receiving streams.
Recent investigations by Hedin et al.
( 1991) have proposed design {sizing) criteria for surface flow compost WTS based on removal rates for iron, manganese and aluminum. In a study by Dietz and Stidinger (1993) on constructed surface flow wetlands, the removal of acidity was correlated with the removal of iron and aluminum, but did not find any relationship between acidity removal and manganese removal. Based on these relationships and the consistency of acidity removal in the different wetlands, Dietz and Stidinger (1993) recommended the use of acidity as a design criteria.
Potential benefits of a new WTS design were originally identified at a WTS constructed at the Jennings Environmental Education Center (Dietz and Stidinger 1993). The system was originally constructed as a surface flow system; however, due to poor performance, the WTS was modified by placing limestone and drainline in trenches, to promote greater subsurface flow.
The modifications decreased acidity, iron and aluminum and resulted in acidity removal rates 2 to 4 times greater than surface flow WTS.
The following is a summary of several components of the study "Technical Investigation of the Abatement of Acid Mine Drainage in a Sub-surface Wetland Envirorunent" (Dietz et al. 1993) . This study was to investigate the potential benefits of this WTS design, which utilizes a subsurface collection system, in comparison to conventional surface flow WTS design and position (i.e., before or after) of surface flow when used in combination with the sub-surface flow systems. The experimental system, designed to compare surface flow to sub-surface flow design and the two types of designs when used in combination, contained two wetland treatment systems, each containing a sub-surface 532 and surface flow treatment cell. The order in the first treatment system (Sub-system 1) was surface flow followed by sub-surface flow. The order was reversed in the second treatment system (Sub-system 2) to permit evaluation of the two design combinations. Plan view of the two systems and cross-sections of surface flow and sub-surface flow units are contained on Figure 1 The physical parameters of the treatment units consisted of at least 0.5 m of freeboard, a minimum slope of a 1:1 ratio for the inside and outside slopes, and 0.6 m berm width. The cell bottoms and banks of the treatment units were lined with clay found onsite during the excavation process. iron by the phenanthroline method; aluminum by the eriochrome cyanine R method; manganese by the periodate oxidation method; and calcium and magnesium (hardness), directly and indirectly, using the EDTA titrimetric method (APHA 1989 and HACH 1990) .
Pore Water Monitoring
Pore water sampling was conducted on December B, 1992 upon the completion of the weekly monitoring program. Pore water was extracted at the influent and effluent of each treatment pond at various depths from the compost layer; this was dependent on the depth of compost found at each sampling location. In general, pore water was extracted just below the surface, at 15 cm and 30 cm at each location. Cell 2 of Sub-system 2 contained only 15 cm of compost and could only be sampled at the surface and 15 cm depth.
Pore water samples were collected using a negative pressure apparatus that consisted of an 125 rnL erlenmeyer flask, a hand held vacuum pump, and a variety of tubing, connectors and rubber stoppers. Collected pore water samples were numbered according to station and stored in air tight containers and transported to the laboratory.
The samples were immediately analyzed (within 12 hours of collection) for Eh, pH, ferrous iron and sulfide. Eh was measured with an Orion combination redox electrode in a closed cell. Sulfide was measured on extracted water by the methylene blue method (APHA 1989) . The remaining parameters, pH, alkalinity, acidity, total iron, ferrous iron, sulfate and conductivity were analyzed in accordance with procedures previously identified.
Results and Discussion
The results of the research project are sununarized below. As reported earlier, a period of no flow occurred during the drought of 1991, which resulted in lowered water levels in several of the treatment units and caused air exposure to the mushroom compost and limestone layers. Therefore, only the data collected in the second year is included.
Effluent Water Quality
Discharge water quality is an important consideration in evaluating WTS performance and the ability of the treatment system to meet required effluent goals and regulatory limits (e.g., pH, iron, aluminum and manganese) . The averages of the 35 samples collected for each of the monitoring stations for key parameters included in the sampling program are summarized in Table 1 . To evaluate performance, effluent water quality from sub-systems and cells within subsystems were statistically compared to influent water quality using an ANOVA procedure (Sokal and Rohlf 1981) . A probability (p) of 0.05 was selected as the criteria for significant differences.
Temperatures monitored at stations within the sub-system averaged 13°c
(:FS F) during the monitoring program and varied over the course of the study from 4 to 26'C (40 to 7~ F) in the treatment units. No significant effect of temperature was observed on discharge quality of any monitored parameter.
Three parameters that are closely related, pH, acidity and alkalinity, were similarly effected by the subsystems. The pH in both Sub-systems increased significantly from influent pH of approximately 3 to effluent pH averages greater than 6.5, which is an almost complete removal of hydrogen ions by both sub-systems. The observed pH increases were associated with the sub-surface flow units, Cell 2 in Subsystem 1 and Cell 1 in Sub-system 2. Acidity followed a similar pattern as pH, significantly decreasing from influent concentrations of greater than 350 mg/L (as caco,) to effluent acidi ti ties of O mg/L in both subsystems, with the majority of acidity decreases occurring in the sub-surface flow units.
The remaining parameter, alkalinity, significantly increased across both sub-systems from O mg/L to approximately 100 mg/L (as CaC0 3 ) effluent alkalinity which entirely occurred in the sub-surface flow units of both sub-systems. Slight decreases in alkalinity were observed across Cell 2, the surface flow unit in Sub-system 2, however, the decreases were not significant.
Two of three permit metals, iron and aluminum, decreased significantly across both sub-systems. Manganese, the third metal, did not significantly decrease across either sub-system; although slight increases and decreases of less than 2 mg/L were observed across individual units. Total iron decreased to approximately 7 mg/L in sub-system 1 and less than 1 mg/Lin Sub-system 2. With respect to individual treatment performance, total iron removal was similar across both units in each sub-system, ranging between 20 and 40 percent. A slight increasing trend in total iron was observed in effluent samples from subsurface flow cells over the 35 weeks of the study, from initial concentrations of less than 5 mg/L to slightly greater than 10 mg/L. Total aluminum levels were found to decrease in both subsystem 1 and 2 by almost 100 percent to effluent concentrations of less than O. 5 mg/L. Decreases in aluminum occurred in all treatment units, but predominately occurred in the subsurface flow uni ts and were directly related to the pH increases observed these units which is likely the result of aluminum pH dependent solubility (Stumm and Morgan 1981).
Calcium and magnesium were two metals monitored in the study to evaluate wetland processes. Calcium concentrations significantly increased across both sub-systesms by between 50 and 100 mg/L. The increases in calcium were associated with the sub-surface flow units in both sub-systems; no calcium concentration increases were observed across surface flow units. The observed calcium increases are likely the result of limestone dissolution in the sub-surface flow uni ts, contributing at least 60 percent of the observed alkalinity increases from each sub-system. This alkalinity is important for the neutralization of acidity and hydrolysis and precipitation of metals. Conversely, magnesium concentrations were not significantly affected across either sub-system. Slight decreases of less than 15 mg/L were observed across Subsystem 1 and slight increases of less than 10 mg/L were observed across Subsystem 2, however, neither were significant. The magnesium data provide additional support that the increases in calcium were in fact due to limestone dissolution and not from some other process, such as evaporation.
Sulfate, monitored to evaluate processes within the wetland treatment system, was found to significantly decrease in Sub-system 1 by greater than 200 mg/L. Slight decreases of approximately 80 mg/Lin Sub-system 2 were not significant. Sulfate exhibited decreases in both Cell 1 and Cell 2 in Sub-system 1 averaging decreases of approximately 100 mg/L in each cell. Seasonal increases and decreases in effluent sulfate concentrations were apparent in both sub-systems, however, influent sulfate data appeared to follow a similar seasonal change. The sulfate removal observed in the treatment units may reflect acidity removal processes (e.g., biological sulfate reduction) in the treatment systems which can be important for metal sulfide precipitation and alkalinity generation.
The effluent results indicate that the passive treatment systems remediate the majority of pollutants in the AMD. With respect to compliance levels associated with the mining industry, both sub-systems adequately reduced aluminum and raised pH to compliance levels. Only Sub-system 2, the sub-surface flow followed by surface flow configuration, adequately removed iron to levels below permit effluent limits. Neither sub-system lowered manganese which suggests additional treatment for manganese removal would be required to achieve compliance.
Removal Rates

Influent
and effluent water quality data from each sub-system were used to determine loadings, removal rates and fluxes for each sub-system and units within each sub-system for iron, aluminum and acidity parameters. These three parameters were of interest since they were all significantly removed by the treatment systems. Loading rates, in grams per day (GPD) were calculated using influent concentration and flow data collected at each cell. Removal rates, also in GPD, were calculated using influent and effluent flow and concentration data. Average removal rates were adjusted to unit area rates or fluxes, in grams per day per square meter (GDM), using the surface areas of each unit.
Loading and removal rates for the sub-systems and indi victual uni ts are contained in Table 2 . The loading rates to the two sub-systems and surface flow unit, Cell 1 in Sub-system 1, and subsurface flow unit, Cell 1 in Sub-system 2, were similar for all parameters, differing by less than 4 percent. Removal rates for each of the uni ts were much more variable, differing by greater than 100 percent. A surmnary for each parameter is contained below.
TabJ.e 2. Average loading, removal, and flux rates for the Corsica, PA wetland treatment system. Removal rates for acidity which reflect the addition of alkalinity to the effJ.uent for Sub-system 2 were greater than Sub-system 1. The differences between sub-systems were not the result of differences in subsystem performance, but due to an uncontrollale loss of flow between Cell 1 and 2 of Sub-system 1, resulting in lower acidity loading and removal potential in the sub-surface flow unit (Cell 2). Removal rates adjusted for treatment area or fluxes for the subsystems were similar, approximately 20 GDM, however, individual treatment unit 536 fluxes were much more variable ranging from Oto 60 GDM. As was indicated by the concentration results, acidity removal was predominately associated with the two sub-surface units. Fluxes for Cell 1 in Sub-system 2 (sub-surface flow) was 61 GDM, which was almost three times greater than the flux of 25 GDM for Cell 2 in Sub-system 1; however, the later unit received less than half the loading (2170 GPD vs. 6630 GPD). The surface flow unit from sub-system 1 had a flux of 4. 8 GDM which is similar to values obtained by other investigators (Dietz and Stidinger 1993 and Hedin et al. 1994) for anaerobic surface flow design. The removal rate for Cell 2 in Sub-system 2 is of limited value due to the absence of influent acidity.
Total iron removal rates were slightly greater in Sub-system 2, by slightly more than 100 GPD, than removed in Sub-system 1 which corresponds to slightly greater effluent iron measured from this subsystem (see Table 1 ). Total iron fluxes for Sub-system 2 were also slightly greater than Sub-system 1, 1.12 GDM versus 1.46 GDM, respectively. Fluxes were greatest in the first treatment uni ts of both sub-systems and were coupled with the highest iron loadings. This relationship between iron removal and iron loading was also observed by Dietz and Stidinger (1993) in surface flow wetlands receiving various iron loadings.
Effluent total aluminum was essentially zero from both sub-systems, and differences in removal of aluminum, removal rates of 187 GPD for Sub-system 1 and 288 GPD for Sub-system 2, were due to previously discussed flow loss in Sub-system 1. Aluminum decreases across each sub-system were primarily associated with the sub-surface flow units, which had fluxes at least three times greater than the highest flux observed in the surface flow units, Cell 1 of sub-system 1.
Pore Water Results
Pore water results from each treatment unit, average of influent and effluent samples, are sununarized in Table 3 . The pore water pH found in the compost of Cell 1, the surface flow unit in Sub-system 1, increased within the first several centimeters of compost depth from less than 4 to near 7. Cell 2, the sub-surface flow unit of Sub-system 1, did not have observable pore water pH increases until near the bottom of the compost layer which had pH levels near 6. Cell 1, the subsurface flow unit of Sub-system 2, only had increases in pore water pH from slightly above 3 to approximately 4, less than a 1 unit pH increase.
Similarly the increases in pore water pH in Cell 2 of Sub-system 1 were less than 1, however, surface water pH was well above 6 which did not allow for more substantial increases.
Pore water Eh, a measure of redox particular interest for Cell 1 of subsystem 1 since alkalinity was not measured in the effluent during the weekly monitoring program. Sub-surface flow units contained higher acidity concentrations and the lower alkalinity concentrations than surface flow units. This observed effect is likely the result of increased penetration of the AMD into the substrate, as a result of the underdrain systems, than would occur in surface flow design where diffusion across the water/compost barrier is relied upon.
Sulfate concentrations in the pore water of the two surface flow units were similar. Concentrations increased by less than 100 mg/L from surface concentrations to the 15 cm depth before decreasing to well below surface water concentrations at the 30 cm depth. Sulfate concentrations in the sub-surface flow uni ts differed from each other and the surface flow units. Cell 2 of Sub-system 1 contained increasing concentrations of sulfate with depth, whereas pore water sulfate in Cell 1 of Sub-system 2 decreased by approximately 150 mg/L throughout the 30 cm compost depth. Sulfide concentrations, the other sulfur form monitored, were detected at depths in the compost in all treatment units with maximum concentrations ranging between 2 and 8 mg/L. Maximum sulfide concentrations tended to occur at the middle depth of 15 cm.
The low Eh (less than -100 mV) and elevated pH (greater than 4) in pore waters collected from the treatment units indicate that conditions are conducive for biological sulfate reduction (Dietz 1989) . Sulfate was found to decrease with respect to depth in several units which, in combination with the elevated sulfide concentrations, clearly indicates this process occurs in the units. The processes benefits in improving AMD quality are reflected in the higher pH and alkalinity observed in pore waters.
The differences in pore water data between surface flow and subsurface flow design are apparent for all the parameters evaluated. surface flow units contained higher pH, lower Eh, higher alkalinity and higher sulfide in pore waters than sub-surface flow units. The differences are likely the result of increased interaction of AMD with the compost layer in subsurface flow units from directing the AMD through the compost with the underdrain system. The importance of this greater interaction is apparent in effluent results from the sub-surface flow units which had effluent higher in pH, lower in acidity, and higher in alkalinity than the surface flow unit.
Differences in sub-surface flow unit pore water Eh, pH and acidity were also observed. These differences are likely the result of differences in AMD loading to the two units, as identified in the previous section (see Table 2 ), where Cell 1 in Sub-system 2 received higher AMD loading than Cell 2 in Subsystem 1.
Suh surface Flow vs. Surface Flow Comparison
A statistical analysis was conducted to compare water quality monitoring data from surface flow design (Sub-system 1 -Cell 1) and subsurface flow design (Sub-system 2 Cell 1) in order to evaluate the beneficial effects of the sub-surface flow treatment design over conventional surface flow design.
The analysis consisted of comparing water quality monitoring data for individual parameters using an ANOVA procedure (Sokal and Rohlf 1981) . Parameters included in this analysis were selected based on effluent requirements of wetland systems (i.e., pH, acidity, alkalinity, total iron, total manganese, and aluminum) and wetland processes (i.e., sulfate, calcium and magnesium) .
The average pH discharged from the sub-surface flow design was significantly (p<0.001) higher, greater than 3 uni ts, than the average pH discharged from the surface flow design. In comparison to surface flow, which discharged significantly (p<0.001) higher concentrations of acidity and no alkalinity, sub-surface flow discharged significantly (p<0.001) greater concentrations of alkalinity and no acidity.
Iron and aluminum concentrations discharged by subsurface flow were also significantly (p<0.001) lower than the surface flow units; iron and aluminum concentrations were approximately 10 mg/Land 20 mg/L lower,respectively.
Conversely, manganese concentrations were significantly higher, approximately 6 mg/L, from sub-surface flow than surface flow. Calcium, analyzed to evaluate processes, was significantly different between the two designs. Calcium measured significantly (p<O. 001) greater, approximately 100 mg/L, in the discharge from sub-surface flow than surface flow. The remaining two parameters, sulfate and magnesium, had averages that were slightly different between flow designs; however, the differences were not significant. This comparison clearly indicates the anaerobic sub-surface flow design has superior AMD remediation capabilities than surface flow design for this type of AMD discharge. Water quality improvements were significantly better for all parameters evaluated except manganese, however, neither design afforded any measurable decreases in manganese concentrations. In addition, the superior effluent water quality results in higher removal rates for most of the parameters, except manganese, in sub-surface flow which would be reflected in reduced treatment area for sub-surface flow design. The improved effluent water quality from sub-surface flow may be, in part, the result of improved interaction of the AMD with the compost. In addition, the importance of higher calcium concentrations from subsurface flow, which are the result of limestone solubilization, may be the result of improved contact of the AMD with the limestone layer.
Sub-System Comparison
A statistical analysis was also conducted, similar to the sub-surface flow and surface flow comparison, to compare water quality monitoring data from Sub-system 1 to Sub-system 2 to determine which configuration afforded better effluent water quality; see Table 1 for comparison of effluent means.
The average pH values discharged from the sub-systems were not significantly different. Both systems provided complete removal of acidity throughout the monitoring program. A slightly higher (approximately 14 mg/L) average alkalinity was discharged by Sub-system 1 in comparison to Subsystem 2;
this was found to be significant (p<0.005). Sub-system 2 exhibited an average total iron of less than 1 mg/L, which was significantly (p<0.001) lower than the 7.1 mg/L average total iron exhibited by Subsystem 1. In addition, the average alurnintun concentration from Sub-system 2 was significantly (p<O. 001) lower than the level from Sub-system 1; however, in both sub-systems the average alumintun levels were well below 1 mg/L. The remaining metal analyzed, manganese, was not significantly different between the two sub-systems.
Sulfate, a process parameter, was significantly (p<0.025) different between the two sub-systems. On average, sulfate concentrations were approximately 150 mg/L lower in Subsystem 1 than in Sub-system 2. The remaining two parameters, calcium and magnesium, had averages that were slightly higher for Sub-system 2 than Sub-system 1; however, the differences were not significant.
The only effluent water quality parameter effected by placement of the sub-surface and surface flow units was iron. The Sub-system 2 configuration, sub-surface flow followed by surface flow, yielded iron concentrations significantly lower than Sub-sytem 1 and to levels necessary to meet compliance concentrations. This suggests sub-surface flow followed by surface flow will be the preferred configuration in a two cell treatment design.
Summary
Wetland design has been evolving over the past decade. Recent studies have begun to recommend sizing criteria that are intended to provide guidance in designing wetland systems (e.g., 539 Hedin et al. 1994 and Dietz and Stidinger 1993), however, this design information has been limited to surface flow designs. The results from this research treatment project provided water quality and design information regarding sub-surface flow design. In addition, the study provided guidance with respect to placement of subsurface flow and surface low treatment units when used in combination.
The water quality monitoring data clearly indicated that sub-surface flow design produces water quality that is superior to surface flow design for a number of parameters that include pH, iron, alurnintun, acidity and alkalinity. Neither wetland design significantly removed manganese; however, manganese removal would not be expected in strongly reducing environments, as is found in compost wetland treatment systems, where solubility of manganese tends to increase (Stumm and Morgan 1981) .
The water quality monitoring data also identified the appropriate alignment of a two cell system utilizing sub-surface and surface flow units.
Water quality was similar between the two sub-systems for pH, altuninum, acidity and alkalinity. Effluent iron levels (approximately 0.5 mg/L) in Sub-system 2 were significantly lower than effluent iron levels (approximately 7 mg/L) in Subsystem 1 which indicates sub-surface flow followed by surface flow is the better alignment.
Processes in the wetlands important for remediating the high acidity in AMD were qualitatively evaluated.
Alkalinity generating processes identified in the wetlands were sulfate reduction and limestone dissolution. Based on calcium increases in sub-surface flow units limestone dissolution accounted for greater than 60 percent of the alkalinity generated.
Acidity removal rates, identified by Dietz and Stidinger 1993 as the most reliable design parameter for determining size of wetland systems constructed for AMD treatment, were 24.7 GDM and 61.8 GDM in the two subsurface flow cells. Lower pH, higher Eh, and higher acidities observed in pore water collected in the compost of the sub-surface flow cell in sub-system 2, which had a flux rate of 61.8 GDM, suggest the cell may have been overloaded.
Therefore, a design criteria of 25 GDM for acidity removal, based on acidity flux measured in Cell
